Manufacturing becomes increasingly complex as more variations and uncertainties are introduced to the system. Human competencies are valuable to the operation and are considered to be the most flexible manufacturing component. However, there is still lack of study on the impact of human aspects to the cellular manufacturing system performance. This article reports a case study application to evaluate the human impact in the complex cellular manufacturing system. Specifically, this work shows a systematic approach to depict and evaluate the human dynamics and attributes in measuring the labor utilization and determining the ideal man-machine configuration. The literature on modelling technologies relevant to cellular manufacturing design and change is presented to provide the rationale for the use of heuristic and enterprise modelling for this study. Evaluations on the existing human system model, CIMOSA and the heuristic mathematical model resulted in the development of an enhanced human system model framework. The newly developed model focuses on the aspects of human dynamics and attributes. To improve human work measurement data accuracy, the model also uses Maynard Operational Sequence Technique (MOST). An expert system was also developed which greatly reduced the time and effort spent on data entry and data analysis. An example using a multi-national semiconductor assembly and test company is presented where 20% improvement in resource efficiency and additional machine to a labor reconfiguration was achieved without any human fallout.
Introduction
Cellular Manufacturing (CM) is a production set-up which concentrates on work-centers that contain a cluster of various equipment to process similar parts. There has been an increase in cellular manufacturing complexity due to the ever-changing environment and systems variations Moreover, the organizational structure which mainly comprises of human resources, equipment, material, and procedures will always need to be flexible for reconfiguration in the attempt to address the rapid changes in customer requirement. This is imperative to facilitate the need to meet customer delivery commitment timely and efficiently within all the related engineering and infrastructural support activities The performance of the CM is determined by the two main components; human and machine or also known as the dual resource constraints (Cesaní and Steudel, 2005) . Human competencies are valued as intangible assets of all businesses and are required for nearly all operational activities that affect the manufacturing performance (Morey et al., 2001) . Human is also the most flexible component compared to other manufacturing resources but unfortunately, most literature focused is on the equipment and technological aspects thus, undervaluing the importance of human on the production 1 A systematic approach to model human system in cellular manufacturing
Human Systems Model in CM
Studies on human issues still showed ambiguity in terms of how CM deals with human aspects in a cellular manufacturing environment (Eckstein and Rohleder, 1998) . The human system is a term used to surmise the systematic study of competent people working as an individual or as a group performing a structured set of activities (Ajaefobi et al., 2010) . The difficulty to model human is due to the complex behaviour of human depending on the roles, the situation and their knowledge level (Ajaefobi et al., 2006) . To study the impact of human actions and behaviours on the manufacturing performance, a suitable model needs to be designed based on the fit to a function of the study. As such, human can be modeled in the aspects of the roles (Khalil et al., 2009) , dynamics (Egilmez et al, 2014 , Ajaefobi et al., 2006 , attributes (Abdullah and Muhammad, 2006) , physiology (Sheridan, 2011) , structures (Langer and Soffker, 2014) , cultures (Sadegh et al., 2013) and psychology (Siebers and Aickelin, 2011) . Through this literature, the human takes on the roles or sets of activities to be performed based on specific job assignment dependent on the knowledge, attributes (competencies, skills, and flexibility) and physiology limitations to function dynamically and perform the work activities within the stipulated time to meet customer's expectation. Human is thereby constrained in the structures of the work requirement (queueing rules, batching size, etc.), the belief and the values system of the individual and the organization impacting their psychology (motivation and cognitive awareness).
This study addresses the need to quantitatively model human based on the work they performed, particularly in the aspects of dynamics and attribute. The human workload is complex due to variations in observation, legal constraints, skill levels, individual expectations and the decomposition into the dynamic aspect allowed the workload to be meaningfully and independently characterized to reflect the work required to a specific role (Rahimifard and Weston, 2007) . Therefore, the work activities are able to be explicitly described and measured in smaller work units. Further, the aspects of competency types and attributes can be corresponded to the human system to gauge the ability to handle the role assignment based on the knowledge, skills, experience and training. Thus, the results will be the ability to evaluate Abdullah, Abdul Rahman and Salleh, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) the human system in the functional and workload capability to satisfy an activity requirement, systematically study human performance at a granular level, and analytically capitalizing the human values in a cellular manufacturing system. To effectively model human dynamics and attributes, certain considerations need to be observed such as:
(a) What is the key information on the work activities involved in the specific roles assumed by the labor to visibly quantify the work content? (b) What is the time measurement for each work activity to enable the possibility to identify the capability of the labor to cope with the work assignment and to quantify the utilization and man-machine configuration in the particular work assignment? (c) Is there any deficiency in the consideration of competency aspects in the human model? (d) If there exist such deficiency, can there be improvement identified so as to achieve having a suitable human model for the cellular manufacturing system? To answer the above queries require a suitable modelling approach to capture the data requirement, representation, and analysis of the worker's dynamic and attribute aspects. In this paper, the hybrid usage of heuristic modelling (HM) and enterprise modelling (EM) concepts enable the development of an enhanced human model well-suited for the cellular manufacturing environment. In the subsequent sections, the modelling framework development and systematic case study implementation are discussed as an exemplary attempt to conceive, specify, develop and realize the possibility of modelling human in the CM system. HM is used to capture the specific labor's behaviors in the cellular manufacturing system in the form of mathematical equations which in turn can be integrated together with the EM to represent the human and equipment resource component with the capability to realize the specific CM system requirements such as measuring the labor utilization and determining the ideal man-machine configuration.
Human System Model for Cellular Manufacturing
Evaluations of the various models used to study human in the aspects of dynamics and attributes have led to the detailed assessment of the Open System Architecture for CIM (CIMOSA) human system model developed by Manufacturing System Institute (MSI) from Loughborough University researchers (Ajaefobi et al., 2010 , Khalil et al., 2009 . Further, the competency accuracy issue identified in the CIMOSA model was addressed using the Maynard Operational Sequence Technique (MOST) Predetermined Time Standards (PTS). To better fit the model in the cellular manufacturing environment, the author's previously developed mathematical model was adopted with the inclusion of equipment competency to enable the measurement of labor utilization and man-machine configuration.
The selected company to conduct the study is a semiconductor manufacturer. This company was chosen due to the semi-automated nature of the process and the employment of the CM technology. Moreover, the company's Industrial Engineers (IEs) were already familiar with the M2M technique and were using the method for manpower planning purposes. The company is in the multi-national category with headquarters located in Phoenix, Arizona, USA employing 24,500 workers worldwide. The business focus is electronic components i.e. power and signal management, logic, discrete and custom for automotive, communications, computing, medical and industrial applications. The company operates 24 hours a day and seven days a week. There is a total of 109 workers working on three 8 hours per shift schedules. There are 58 workers working in the wafer saw, die-bond and wire-bond operation, 15 workers in the mold operation and 36 workers in the final test operation. The general work functions of these workers are to load, unload, handle the material and perform inspections on the products. In addition, the workers are also expected to perform simple equipment set-up and minor repairs.
CIMOSA HSM
In the CIMOSA model, the assignment of roles or activities to the operator was further refined into the dynamics aspects; operator capability, workload, lead time and attribute aspects; competency, flexibility, and skills (Ajaefobi et al., 2006) . However, the focus of the study was mainly on developing the human competency factor where the performance of the labor was divided into three levels based on the strategic, tactical and operational activity types namely (i) Level 1 -for active and competent operator (ii) Level 2 -for competent, resourceful and reflective operator (iii) Level 3 -for experienced operator Abdullah, Abdul Rahman and Salleh, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) In the same study, the MSI team further divided the competency level into four classes from Class 1 (basic routine job), Class 2 (solve problem-related system), Class 3 (transform abstract task to reality) and Class 4 (express high-level management goals into innovative solutions). The CIMOSA model was case tested in the automotive component manufacturer on various roles of labor such as assembly system designers and developers. Although CIMOSA managed to predict the operator performance in the manufacturing system, the model was not suitable to be used in the cellular manufacturing environment to study a certain process's manufacturing labor who operate more than one machine at a time. As such, a more accurate labor competency attribute is required in order to measure the labor utilization and predict ideal man-machine utilization.
MOST Predetermined Time Standards
To address the competency accuracy issue in the new human system model (HSM) for cellular manufacturing, the potential use of Predetermined Time Standards (PTS) work study technique was explored. Work measurement technique such as the PTS was established based on the time assignment to basic human moves at a preset performance level as a quick way to get a fast and an accurate work measurement data instead of the traditional time study using a stopwatch (Tuan et al., 2014) . The basic body movements include reach, bend, turn, grasp, and release. PTS is also suitable to address the competency aspect since no performance rating is needed because the time's assignments are based on thousands of studies done on the basic movement as such the 'rating free' measurement eliminates the need to assess worker's movement rate and competency level (Wong, 2002) . Hence, the analyst is only required to clearly define the observed work and the tools used prior to selecting and documenting the activity in detail and assigning the predetermined time to each task. Various PTS methods available were evaluated such as the Method Time Measurement (MTM), MODAPTS and Maynard Operation Sequence Technique (MOST).
MTM is a procedure used to break down worker's activity into basic motion sequence required to perform it. Next, each worker's movement is assigned a time standard base on the suitable working condition (Tuan et al., 2014) . Each basic element is assigned a time measurement unit (TMU) which is equal to 0.00001 hour or 1,667 TMUs per minute. There are eight basic elements of MTM which are move, turn, position, grasp, release, disengage, eye time and body motion. MODAPTS was first introduced in 1966 by an Australian, Chris Hayde and is based on a single finger move time called a MOD. One MOD is equalled to 0.192 seconds and allowance allocation is set to 10.75%. MODAPTS PLUS, introduced in 1981, contains 21 basic codes which are then broken down further into 92 alphanumeric codes. Basic application steps include (i) record operation method, (ii) analyze and write down body parts involved to carry out the actions using the MODAPTS codes from the data cards, (iii) add the element times, (iv) multiply by the frequency, (v) divide by 7 to obtain normal time in seconds, and (vi) get standard time by adding allowance (Genaidy et al., 1990) .
The MOST PTS was developed in the 1960s and are the simplification of the MTM technique since it is much faster, easier to use and does not involve too many motions to analyze (Tuan et al., 2014) . According to these researchers, applying MOST is 20 to 40 times faster than using MTM while still maintaining the desired level of data accuracy. The amount of documentation can also be greatly reduced by using MOST which require only one page as compared to sixteen pages when used in the same study using MTM. This is the reason why many manufacturing and service industries prefer to use MOST (Wong, 2002) . Wong (2002) explained that basically, MOST assign a time value on every movement sequence. The accuracy of the time value has factored in the level of accuracy desired. Moreover, MOST also consider the period of time over which the desired level of accuracy must be attained and the degree of repetitiveness of the activity being measured or the number of times the activity occurs during the calculation period. Most importantly, MOST measures the duration of the activity being studied. MOST time values are acceptable by the industrial standards for a work measurement system as accurate since the values are statistically calculated averages and conform to the Industry Standard of + 5% accuracy level with a 95% confidence level. On the contrary, when dealing with stop watch time study, cycle times are influenced by the average distance, average weight, average types of motions, etc. This variability will occur in each work cycles and the practitioner must average out the differences in order to make an analysis. MOST is able to balance out the operational variability to + 5% accuracy for job durations of as low as a few seconds since MOST time values are based on a consistent balancing time (the point at which a desired level of accuracy is achieved) of 3235 Time Measurement Unit (TMU) or approximately two minutes which was independently verified by Dr William D. Brinckloe from the University of Pittsburgh. Vol.13, No.1 (2019) MOST was also designed to be considerably faster than other PTS methods but with still a guaranteed level of accuracy of the final time standard. Besides that, MOST are very effective as an alternative to the traditional work study using a stopwatch in performing operations with regard to time and cost. Manual works normally contain variations between the work cycles and MOST is designed to capture the variations (Wong, 2002) . Based on these advantages, MOST is selected to be used in this study as the appropriate method to study work activities comprising of variations from one cycle to another.
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Human System Mathematical Model
The mathematical model previously developed was based on the establishment of the key criteria for a suitable work study technique and the analysis of the critical human factors used in the traditional Process Mapping and ManMachine Chart . The aim of the model was to develop a work study technique that meet the user's criteria of easy to use, flexible, accurate, suitable to any skill-set level and able to achieve the objective of measuring operator utilization and man-machine configuration (Omar et al., 2012; Abdullah and Mohd. Rodzi, 2011) .
In a cellular manufacturing environment, the capacity of the manufacturing system is mainly determined by the machine and the labor is required to perform activities such as product loading, unloading, inspection, and documentation. Therefore, to design a suitable HSM for cellular manufacturing, the equipment component will also need to be considered. This is due to the labor having to manage more than one machine at any one time and the labor's dynamic and attribute aspects are also affected by the machine's performance. Equation (1) developed by Abdullah and Muhammad (2006) depicted the representation of the equipment component through the lot cycle time value which was derived from the formula accounting for the equipment performance consisting of the set quantity that was required to be produced or termed as the lot size, the number of production quantity to be produced in one hour or Units Per Hour (UPH) and equipment performance value or Overall Equipment Efficiency (OEE). The lot size is a specific batch of product being produced at one particular time by the machine. The time to produce this batch of product is dependent on the time to produce the units measured in an hour time frame or Units in an Hour (UPH). However, to address equipment performance issues and product quality issues, the value of UPH will deteriorate based on the value of the Overall Equipment Efficiency (OEE). For example, for a lot size of 1000 units per batch with the UPH value of 100 units per hour and OEE value of 85%, the lot cycle time value will be 11.76 hours.
UPHxOEE Size
Where, Lot size (unit quantity) = the set quantity of a unit to be processed Units per Hour (unit quantity) = Number of units processed in an hour OEE (factor) = Overall Equipment Efficiency Equation (1) was used as the denominator for Equation (2) to depict the ratio of the labor utilization against the equipment processing a batch of product. The result is the utilization value for each of the labor's work activity. The sum of the individual labor utilization provides the information on the overall labor utilization or M2M (in percentage). Activity Time (min) = time taken by an operator to perform a task Frequency (unit) = rate of recurrence of an activity i (unit) = number of activity time and the frequency n (unit) = total number of activity time and the frequency Abdullah, Abdul Rahman and Salleh, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Figure 1 shows the proposed modelling framework developed to demonstrate the characteristics of human dynamics (operator capability, workload, lead time) and the use of MOST PTS to better represent the attribute aspects (competency, flexibility and skills) of the work content. The equipment component is also captured to further illustrate the enhanced feature of the new HSM as a well-suited model to study labor at the cellular manufacturing system. Further, the availability of granular work content mapping in the new HSM allows for the detailed analysis of labor assignments and opportunity to improve the operator allocation and the man-machine configuration. Section 4 of this paper describes the exemplary use of the HSM in a case study application to measure human performance and portray the potential of human as one of the crucial and flexible components of the manufacturing system. 
HSM for Cellular Manufacturing

Systematic Case Study Application
The plan for the testing of the new HSM was to use actual data from the critical operations at a CM industry specifically at a SAT manufacturing environment. Yin (2009) suggested the approach to performing case study type of quantitative analysis research as a highly versatile research strategy for testing models, frameworks, and hypothesis and proposed a four steps comprehensive design of case study used as a valid research tool as shown in Figure 2 . The selected company to conduct the study is a semiconductor component manufacturer situated in the Malaysia southern region. This company is chosen due to the semi-automated nature of the process and the employment of the CM technology. The company is in the multinational category with headquarter in Phoenix, Arizona, the USA employing 24,500 workers worldwide. The business focus is electronic components i.e. power and signal management, logic, discrete and custom for automotive, communications, computing, medical and industrial applications. The company under study employs about 3,000 workers operating 24 hours a day and seven days a week. Systems, and Manufacturing, Vol.13, No.1 (2019) The case study was conducted at the Small Outline (SO) production line which was one of 52 production lines of the manufacturing department's production line focusing on automotive electronic components. The front end operation process consisted of (i) the saw where the electronic die which came in the form of a wafer was cut into individual units, (ii) the die-bond to attach or solder the die on the copper frame, and (iii) the wire-bond where very fine diameter gold wire is sewn to electronically connect the integrated circuit chips. Meanwhile, the back end operation consisted of the mold (special encapsulation of the integrated circuit) and the trim and form (trimming and forming the component's legs to customer's specification) process. The final test was considered the end of the manufacturing flow where products went through rigorous testing and product identification laser labelling before the finished components were taped and packaged into reels ready for the shipping department. Based on the constraining capacity factor, human systems at five critical process areas were selected for the case study namely the wafer saw, die-bond, wire-bond, mold and test. There were 58 female labors working in the front end operation, 15 labors in the back end operation and 36 labors in the final test operation. However, the support operators performing activities such as material preparation, incoming material quality inspections and rework process were not included in the study. The equipment quantity at each process areas under include 2 units of saw machines, 13 units of die-bond machines, 18 units of wire-bond machines, 15 units of the mold machines and 18 units of the final test machines.
Planning
To facilitate fast data capture, analysis, and reporting, an Expert System (ES) was developed using the characteristics of the HSM framework i.e. information on the labor activity mapping, MOST activity sequence and TMU calculations and lot cycle time. Equation (2) was programmed in the ES to automatically process the data input and provide the labor utilization (M2M) percentage value. This was expected to save the time and effort to build the human model and enabled data analyses to be done on alternatives arising from changing the current activity structures or reconfiguring the human resource to other functions so as to balance the utilization to 85% based on the International Labor Organization (ILO) Standards on allowance factor allocation on female operator (11%) working in a standing position (4%).
Data Gathering
The general information regarding the equipment, product, lot size, unit per hour (UPH), overall equipment efficiency (OEE) were obtained from the company IE. Next, the mathematical formula as defined earlier in Equation (1) was used to calculate the lot cycle time. Figure 3 shows an example of the ES screen which captures the information on a work activity mapping (validated together with the company's IE and also the manufacturing personnel), MOST sequence value and TMU calculations generated for the Equation (2) to produce the M2M value of each process activity. Figure 4 shows the results of the labor utilization for the five process areas. In the saw process area, the HSM value of M2M (6) value means 1 labor was capable to manage 6 wafer saw machines with the utilization of 84.83%. At the diebond process, 1 labor was only constrained to manage 2 machines, i.e. M2M (2) of 81.94% to meet the ILO standards. The wire-bond process labor was underutilized at 58.33% with M2M (1) but will be overworked at 116.66% if the labor handled 2 machines. Similar to the sawing process, the labor at the mold process was able to handle 6 machines at M2M (6) of 74.8% and still be below the ILO standards requirement. The final test process labor was able to handle 2 machines Abdullah, Abdul Rahman and Salleh, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) or M2M (2) at 75.17%. 
Analysing
The results of the HSM labor utilization was analyzed by comparing the HSM proposed labor quantity obtained using the HSM in Figure 4 to the current labor allocation at each process area. Table 1 provides the information where for example, results from Figure 4 shows that the ideal man to machine configuration for the wire-bond process is 1 machine to 1 operator (column 1). The existing equipment quantity is 18 (column 2) and the current labor allocation at this area is 9 (column 3). Based on HSM study, the utilization of the operator is 58.33% and 1 labor can only handle 1 machine at a time. Thus, due to the difference in the current quantity and the actual requirement (column 5), the proposed labor quantity at this process should be increased from current 9 to 18 labors (column 4). Similar, based on the existing equipment quantity and M2M results proposed from Figure 4 , the labor quantity at the saw area can be maintained at 1 labor to man the 2 equipment units. However, the labor will be underutilized since the M2M (2) will only be 28.28%. Thus, training will need to be provided to improve the labor's flexibility to perform other work functions such as assisting other front-end labors especially the die-bond and wire-bond operators during break time. For the die-bond area, the proposed HSM ideal man-machine configuration is 1 labor to 2 machines. With 13 machines currently requiring labor assistance, a total of 7 labors are proposed and only 4 are currently being allocated. Further, there seems to be an excess of 4 and 3 labors at the mold and final test areas respectively. The 3 excess final test labors can be re-assigned and re-Abdullah, Abdul Rahman and Salleh, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) trained to support the die-bond functions. However, the 4 excess mold operators are still insufficient to improve the labor utilization at the wire-bond. 
Reporting
Referring to Table 1 , the excessive wire-bond labor requirement prompted further analysis on the operator utilization in order to identify activities that consumed high operator activity time. With the wire-bond result from Figure 4 on the proposed M2M (1) value of 58.33 %, there is an opportunity to reduce the labor's utilization by re-evaluating the work content assignment of the wire-bond labor. Figure 5 shows the results of a Pareto analysis of the wire-bond work content that indicates that the set-up new lot to contribute to 20% of the labor busy time. From the ES system, the detail work content on set-up new lot involved walking time to the Kanban area to retrieve and carry the new lot to the work station, material inspection, search for the wire-bonding diagram, wire-bond set-up, retrieving wire spool at the storage area, and etc. Through the discussion with the IEs and the manufacturing engineer, there is an opportunity to reassign these workloads to other labors and therefore, reducing the wire-bond's labor utilization from 58.33% to 38.33% and improving the man-machine requirement from M2M (1) to M2M (2). Consequently, with the wire-bond labor being kept to the current 9 people, there will be an excess of 4 labors instead of a shortage of 5 labors. Two of the excess labors can be reassigned to focus on the set-up new lot function and the other two operators can be re-deployed to the other production lines. Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Conclusion
With the increase in cellular manufacturing complexity, manufacturing managers and IEs require a suitable analytical tool as a mean to provide the best configuration of the manufacturing's critical dual constraint resources of people and equipment. Previous modelling approaches provide only limited human system engineering support thus prompting the motivation of this study to develop a well-suited HSM to observe and improve the human dynamics and attributes aspects of the cellular manufacturing labors. Through the case study implementation, the proposed HSM shows potential in (i) quantifying values of labor utilization and proposing ideal man-machine configuration, and (ii) quantifying the deficiencies in the human system for improvement opportunities. In principle, the proposed HSM has the potential to systematically support the important aspects of the manufacturing system's future structural design change through the prediction of human system's coordination and deployment. The use of simulation technology can also be used to evaluate the impact of labor together with other manufacturing resources (material and equipment) on the manufacturing performance specifically optimizing the throughput and minimizing the cycle time.
To further test the application of the HSM, more studies need to be conducted to explore the wide application in different manufacturing areas. However, the state-of-the-art idea on the use of PTS in decomposing the human dynamics and attributes and the key strength in the use of HM and EM appear to be very promising. Hence, the authors are currently conducting a similar research in the job shop car manufacturing company which requires the labor to work on different products and employ variable work content.
